This study employs pressure measurements and von Mises stress simulations across surfaces of wafers in order to examine the effect of wafer-ring gap size, extent and direction of wafer bow, and the effect of thermal history on within wafer pressure nonuniformity (WWPNU). WWPNU analysis for nominally flat, thermally untreated, wafers indicates that the wafer's 'central zone' has average pressure profiles, which remain constant, while the 'edge region' exhibits a sharp pressure peak. Dependence of wafer-ring gap size for the 'central zone' of bowed and thermally untreated wafers on WWPNU indicates that pressure profiles at larger gap sizes remain constant regardless of wafer shape. The 'edge zone' shows that the extent and direction of wafer bow has no effect on average pressure and variability. The effect of wafer-ring gap size on WWPNU for thermally treated wafers indicates that heat treatment reduces, or masks, the effect of gap size on average pressure in the 'central zone' of the wafer. A major effect of thermal treatment is the increase in overall pressure variability at the 'edge zone' of wafers.
Introduction
In chemical mechanical planarization (CMP) one area that can potentially impact the mechanical attributes of the process is the variation in wafer geometry as measured by the overall shape (i.e. extent and direction of bow), and the nominal diameter of the wafer. The latter becomes more critical as one considers normal variations in the inside diameter of the retaining ring and the size of the wafer-ring gap resulting from such dimensional differences. Assuming the above variations to follow Gaussian behavior, the probability of encountering wafer-ring gap sizes as low as nominally zero mm or as high as 2 mm is calculated to be approximately 0.004. This is significant since in high volume IC manufacturing facilities, the number of CMP polishes can exceed 250,000 per month. Moreover, as wafers progress through the manufacturing line, they undergo a series of high temperature processes. Given the reported effects of heat treatment on the mechanical properties of silicon wafers, 1, 2) it would be of interest to establish potential correlations between the thermal history of wafers and within-wafer material removal uniformity during CMP.
As 300-mm wafers are becoming mainstream, variations in wafer shape, wafer-ring gap size and bulk properties (resulting from variations in the thermal history of each wafer) are becoming more pronounced thus further necessitating a fundamental investigation of their impact on polish performance. The importance of such a study is justified given the direct relationship between removal rate and pressure as described by Preston's equation, 3) RR ¼ k Pr Â p Â U In the above equation, RR is the removal rate, k Pr is Preston's constant, p is the pressure in the wafer-pad region, and U represents the linear pad-wafer velocity. According to Preston's equation, at any given region of the wafer, local removal rate is directly proportional to local pressure.
Moreover, since pressure and stress are related to one another, 4) variations in the overall stress experienced by the wafer are expected, to some extent, affect the polishing outcome.
Several studies have focused on the extent of within wafer removal rate non-uniformity resulting from wafer curvature. [5] [6] [7] [8] [9] Tseng et al. developed a theoretical model that simulates pressure distribution occurring from wafer curvature during CMP. The study demonstrated reasonable agreement between simulated pressure data and oxide removal rate results from experimentation. Deviations between the purposed model and the removal rate data are postulated to result from the stress induced by slurry flow, local variations in wafer shape and pad surface properties. 6) Additionally, Chen et al. and Shaw et al. presented results of analytical studies involving the kinematics and pressure distributions developed at the pad-wafer interface during CMP. Overall, the results are in good agreement with their' purposed numerical simulations and clearly demonstrate that wafer curvature and non-uniformities in pressure distribution affect the slurry film thickness in the pad-wafer region, the lubricity of the system and the overall efficiency of the process. 7, 8) Until now, there have been no published data relating the effect of minor variations in wafer diameter on within wafer removal rate non-uniformity. In general, no two wafers or retaining rings have identical geometries, or undergo identical thermal cycles. In spite of the fact that such variations may fall within the manufacturers' product specifications, tighter manufacturing control may be required in order to minimize within wafer non-uniformity issues during CMP. This study employs actual pressure measurements and von Mises stress simulations over the entire surface of the wafer in order to examine the effect of the wafer-ring gap size, the extent and direction of wafer bow, and the effect of thermal history on within wafer non-uniformity.
Procedure

Pressure measurements
A 1 : 2 scaled version of a Speedfam-IPEC 472 polisher was constructed for this study. 12) Table I shows the appropriate scaling factors for each parameter as well as the numerical comparison of the scaled polisher's typical values with that of the Speedfam-IPEC 472. 100-mm diameter wafers were the most appropriate size to be used in the scaled polisher since this allowed the ratio of the platen diameter to the wafer diameter to be near-identical between the two polishers. Reynolds number was used to scale platen and wafer speeds between the two systems (i.e. the relative pad-wafer velocity in the scaled model was matched to that of the industrial model, since the kinematic viscosity and the effective film thickness of the slurry in the wafer-pad region were assumed to be the same between the two systems).
The scaled polisher and its associated accessories are shown in Fig. 1 . A modified industrial drill press with the ability to rotate and apply an appropriate amount of down pressure was used as the wafer carrier. A carriage, equipped with dead weights mounted on a traverse, provided variable pressure onto a gimbaled wafer carrier (the carrier did not have provisions for independent control of wafer and ring pressures). The conditioner, consisting of a 76-mm diamond disc, was spring-loaded onto the pad. The spring constant was selected such that the disc applied a down pressure of about 0.5 PSI on the pad. Two stepper motors allowed the conditioning disc to rotate and sweep independently across the pad.
Pressure measurements were obtained with an automated pressure sensor as described by Fujita and Doi, 10) who successfully employed this system for analyzing pressure distribution across a 200-mm wafer supported by a novel air float carrier. The pressure sensor consisted of two thin, flexible polyester sheets on which electrically conductive electrodes were deposited in varying patterns. The inside surface of one sheet was patterned in the form of rows while the inner surface of the other employs a columnar pattern. The spacing between rows or columns was approximately 0.5 mm. At each node (i.e. the point where a row intersected a column), an electrical resistance was provided courtesy of a thin semi-conductive ink coating, which acted as an intermediate layer between the electrical contacts. When the two polyester sheets were placed on top of each other, a grid pattern was formed, creating a sensing location at each node. By measuring the changes in current flow at each node, the applied force distribution pattern could be measured. Wafer pressure distribution data was taken on a Rodel IC-1000 flat pad. Prior to data acquisition, the pad was conditioned for 30-min in ultra pure water with a 100-grit diamond disk at a pressure of 0.5 PSI, rotational velocity of 30 RPM and disk sweep frequency of 20 per minute. Pad conditioning was followed by a 5-min pad break-in with a dummy wafer. Pressure mapping was performed under static conditions with the sensor placed directly between the pad and the 100-mm wafer. The following parameters were investigated:
. Applied wafer pressures of 2 and 6 PSI . Wafer-ring gap sizes of zero, 0.4, 1.0 and 1.4 mm . Extent of wafer bow (defined as the difference in vertical distance between the center and edge of the wafer) at values of zero (i.e. nominally flat) and 15 micrometers . Direction of wafer bow in terms of its concave or convex shape (applies only to wafers having a nominal bow of 15 micrometers) . Extent of heat treatment of the wafer prior to CMP. The control samples were not exposed to high temperature processing while heat treated samples underwent a 5-h nitrogen anneal at 1000 degrees Celsius. Figure 2 is an example of the resulting pressure contour map from which various pressure profiles could be extracted.
Stress Simulations
The von Mises stress, a single stress component containing a combination of normal stresses and shear forces acting on a body, was selected as the output parameter of the simulations. Details regarding definition and utility of von Mises stress in CMP applications may be found elsewhere. 11, 13) Simulations were completed assuming a 2-dimensional model representing directions normal and tangential to wafer surface. Analysis assumed that the wafer stack was comprised of five distinct layers as shown in Fig. 3 . The entire system was considered to be static and dry, with a specified pressure applied to the top of the wafer stack. The polishing pads were assumed to be continuous with isotropic physical properties. For each simulation, von Mises stress was calculated as a function of position for a specified applied wafer pressure, as well as wafer stack properties (Table II) . It should be noted that wafers with varying diameters, and hence varying waferring gap sizes, could be specified as input parameters to the simulator. It should also be noted that simulations did not take into account the extent or direction of wafer bow. As such, all simulations were performed assuming a perfectly flat wafer.
Results and Discussion
3.1 Within-wafer pressure and stress non-uniformity for nominally flat and thermally untreated wafers: Once a contour pressure map was generated for a given set of conditions, the pressure profile across the line segment originating from the center of the wafer and terminating at the wafer edge was obtained. The line segment was selected such that it ran parallel to the 100-mm wafer's primary flat. The actual pressure profile was then divided into two regions as follows: A 'central zone' extending from the center of the wafer to a radial distance of 34-mm, and an 'edge zone' continuing from a radial position of 35-mm up to the edge of the wafer.
Figures 4 and 5 are examples of von Mises stress and pressure profiles obtained for a wafer-ring gap size of 1.4-mm and applied wafer pressure of 2 and 6 PSI respectively. Focusing first on the 'central zone' of the wafer (as described above), average pressure remains constant at 1:2 AE 0:1 PSI for an applied wafer pressure of 2 PSI and 4:6 AE 0:3 PSI for an applied wafer pressure of 6 PSI. It is apparent that these results are in qualitative agreement with the von Mises stress simulations. As for the edge region, both measured and simulated metrics exhibit a sharp peak approximately 6 mm from the edge followed by a sharp drop at the wafer's edge.
This indicates that simulated von Mises stress profiles are able to qualitatively describe pressure non-uniformities in the wafer-pad region and can be used, albeit with caution, to predict stress, and hence pressure, non-uniformities for larger size wafers. It must be noted that the shapes of the stress profiles of Figs. 4 and 5 are consistent with previous reports. Measured pressure (PSI) Fig. 2 . Two-dimensional contour pressure image of a 100-mm diameter wafer.
and a wafer-ring gap size of 0.4 mm. Both profiles show a gradual stress increase along the 'central zone' of the wafer, followed by large stress variations near the edge. The stress peak for 100-mm wafers (Figs. 4 and 5) occurs roughly 6 mm from the edge (at 2 and 6 PSI applied pressure), while those corresponding to 200-and 300-mm wafers occur roughly 9
and 21 mm from the wafer edge (at a 4 PSI applied pressure), respectively. As edge exclusion specifications for measuring withinwafer non-uniformities trend towards values less than 3 mm, above simulations indicate that understanding the extent of within wafer pressure and stress non-uniformities will be essential as 300-mm wafers become mainstream.
3.2 Wafer-ring gap size vs. within-wafer pressure nonuniformity for the 'central zone' and 'edge zone' of bowed, thermally untreated wafers As stated previously, each measured pressure profile was divided into a 'central zone' and an 'edge zone'. In order to simplify visualization and interpretation of the data, the average and the standard deviation of all data points within each zone were computed. Figures 7 through 10 summarize the effect of wafer-ring gap size on pressure non-uniformity. For a given set of process conditions, each bar represents measured pressure values ranging from one standard deviation below the mean to one standard deviation above the mean. respectively. Regardless of the wafer-ring gap size, the extent of wafer bow has a large impact on pressure variability. Nominally flat wafers exhibit low variability, whereas concave and convex wafers exhibit 2.5 to 7 times greater pressure variations. The trends are independent of applied wafer pressure. First, at a nominal gap size of zero mm, average pressure is lowest for concave, and highest for convex wafers. This is due to the negligible gap size, which prevents bowed wafers from conforming in response to the applied load. Eliminating the wafer-ring gap allows the wafer to maintain its shape and its associated pressure profile in spite of the external load.
Second, at larger gap sizes (0.4 to 1.4 mm), average pressure remains constant regardless of wafer shape at 1:27 AE 0:27 PSI and 4:76 AE 0:74 PSI for applied wafer pressures of 2 and 6 PSI respectively. This is due to the fact that larger gaps make provisions for convex and concave wafers to relax their shapes in response to an applied load.
Figures 9 and 10 represent pressure results along the 'edge zone' of the wafer at pressures of 2 and 6 PSI, respectively. Results indicate that the extent and direction of wafer bow has no effect on average pressure and variability. However, wafer-ring gap size appears to have a strong effect on average pressure and variability. At a nominal wafer-ring gap size of 0 mm, the average pressure is roughly 25% less than the average pressure at larger gap sizes (0.4 to 1.4 mm). Furthermore, the pressure variability at the 0-mm gap is approximately 30% lower than pressure variability at larger gap sizes.
3.3 Wafer-ring gap size vs. within-wafer pressure nonuniformity for the 'central zone' and 'edge zone' of bowed, thermally treated wafers Figures 11 through 14 summarize the effect of wafer-ring gap size on pressure non-uniformity for thermally treated wafers. Figures 11 and 12 represent pressures along the 'central zone' of the wafer for applied wafer pressures of 2 and 6 PSI, respectively. Similar to thermally untreated wafers, regardless of the wafer-ring gap size, the extent of wafer bow has a large impact on pressure variability. Nominally flat wafers exhibit low variability, whereas concave and convex wafers exhibit 2.5 to 4.5 times larger pressure variations. Again, trends are independent of applied wafer pressure. Fig. 9 . Effect of wafer-ring gap size and extent of wafer bow on pressure distribution along the 'edge zone' of a thermally untreated 100-mm wafer (applied wafer pressure of 2 PSI). Unlike thermally untreated wafers, heat treatment reduces or masks the effect of gap size on average pressure in the 'central zone' of the wafer. Regardless of wafer-ring gap size, average pressure in the 'central zone' remains at 1:32 AE 0:33 PSI and 4:28 AE 0:74 PSI for applied wafer pressures of 2 and 6 PSI respectively. Increases in the intrinsic stress of the silicon wafer due to thermal annealing 1, 2) are believed to reduce the effect of wafer-ring gap size on pressure variability. Consistent with the above argument, at the 'edge zone' of the wafer, Figs. 13 and 14 indicate that wafer-ring gap size as well as extent and direction of wafer bow have no effect on pressure and variability. Regardless of wafer-ring gap size, average pressure in the 'edge zone' remains at 1:82 AE 1:15 PSI and 4:52 AE 2:20 PSI for applied wafer pressures of 2 and 6 PSI respectively.
As seen in Figs. 9, 10, 13 and 14, a major effect of thermal treatment is the increase in overall pressure variability at the 'edge zone' of the wafer for thermally treated wafers. On the average, pressure variability is 17% higher for thermally treated samples compared to the control samples. Figure 15 is a qualitative illustration of how higher intrinsic wafer stresses may result in an increase in the overall pressure variability at the 'edge zone' of thermally treated wafers. For purposes of illustration, the elastic modulus of a thermally treated 200-mm wafer has been increased from the original value of 130 to 260 GPa, while maintaining values of the other parameters cited in Table II . The choice of 260 GPa is quite arbitrary since no published values of the elastic modulus for thermally treated wafers have been found. In the case of Fig. 15 , applied wafer pressure was set to 6 PSI with a wafer-ring gap size of 0.4 mm. Results of the von Mises simulation are in qualitative agreement with the observed experimental trends, thus indicating that measured increases of pressure variability at the 'edge zone' as a result of heat treatment may be explained by variations in the wafer elastic modulus and the interfacial stress in this region. By applying Preston's equation 3) to a sampling of the experimental average pressure and variability data presented above, it can be shown that removal rate can vary significantly across the wafer surface depending on the extent and direction of wafer bow, the wafer-ring gap size and the thermal history of the wafer. Solving for removal rate using pressure data obtained from a stationary system can be justified since pressure data presented in this work mimics those obtained using a dynamic pressure mapping apparatus as demonstrated by Fujita and Doi. 10) To provide an example, assuming a Preston's constant of 1:2 Â 10 À13 Pa À1 for ILD CMP using IC-1000 pads, 14) removal rate in the 'edge zone' can range from 400 to 800 Angstroms per minute for a concave, thermally untreated wafer having a wafer-ring gap size of 1.0 mm (applied pressure of 2 PSI, and a wafer-pad velocity of 0.62 meters per second). Removal rate variations are expected to increase by approximately 20% for thermally treated silicon wafers. Additionally, a 2-fold increase in removal rate would be expected at an applied pressure of 6 PSI with all other polishing parameters held constant. It has been shown that wafer-ring gap size, wafer shape, and thermal history cause significant variations in pressure within a given wafer. This fact, couple with the dependence of pressure on removal rate (i.e. in accordance with Preston's equation), implies that each wafer will experience a different local removal rate depending on the pressure observed at a given location on the wafer. The generalized definition of within wafer non-uniformity (WIWNU) is as follows: 15) WIWNU ¼ RR RR average Â 100
In the above equation, for a given number of film thickness measurements, RR represents the standard deviation of the removal rate and RR average represents the average removal rate. Based on the results presented in this study, one can expect within wafer non-uniformity values to range from 10 to 50 percent when considering the pressure non-uniformities measured at 2 PSI applied pressure for the thermally untreated wafers described above. Similarly, when applied pressure is increased to 6 PSI one would expect within wafer removal rate non-uniformity for thermally treated wafer to be as high as 74%.
The above results demonstrate that variations in wafer geometry as measured by the overall shape (i.e. extent and direction of bow), and the nominal diameter of the wafer, as well as thermal treatment of the wafers can significantly impact the extent of within wafer non-uniformity in pressure and hence inter-layer dielectric (ILD) removal rate, and draw attention to the importance of adopting tighter manufacturing control limits in order to minimize within wafer nonuniformity issues during CMP.
